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Introduction
Free Electron Lasers (FELs) user facilities [1] [2] [3] [4] have become a widespread reality, as witnessed by the recent commissioning of light sources which satisfy the increasingly demanding requirement in terms of beam quality and tunability. In particular, the high degree of spatial coherence is a capital asset for FELs, which are envisioned to provide a powerful tool for some of the most promising methods in the investigation of nanostructured [5, 6] , inorganic [7, 8] and organic [9] systems, requiring a coherent irradiation of the sample with a large flux of high energy photons. The FEL radiation mechanism is based on the interaction between a relativistic electron beam wiggling in a periodic magnetic field and an electromagnetic radiation field [10] , that in the Self Amplified Spontaneous Emission (SASE) operating mode is the spontaneous undulator emission. In this regime, the radiation starts from noise and its intensity grows exponentially along the undulator [11] [12] [13] , with a correspondent enhancement of longitudinal and transverse coherence. The characterization of transverse coherence properties is universally recognized to be critical both for the correct assessment of the operating conditions of the machine and for the data analysis. The most commonly used techniques are based on Young's [14, 15] or Hanbury Brown-Twiss's [16] interferometers and rely on the use of a large number of shots in order to gauge the coherence over the scale lengths of interest. Data coming from different radiation pulses are merged together, losing any possibly attractive information coming from a statistical analysis. Wavefront analysis using Hartmann Wavefront Sensors was proposed to determine the spatial characteristics of the FEL source in single-shot regime [17] and demonstrated at the SCSS Test Accelerator [18] , at FLASH [19, 20] and at FERMI [21] . At LCLS, besides the study about the wavefront [22] , an evaluation of the transverse coherence in the X ray range has been performed by measuring the homodyne speckle intensity due to coherent diffraction by disordered samples in the low and wide angle configurations [23] , paving the way for the application of statistical methods on FELs.
A new method for probing the transverse coherence, particularly appealing for its simplicity and data finesse, was described in [24] . It is based on the statistical analysis of the speckle field produced by heterodyning the test beam with a huge number of reference waves generated via scattering by a suspension of particles.
In this paper, we propose a generalization of the aforementioned method for measuring the two-dimensional single-shot transverse coherence that overcomes the limitations imposed by extended coherence area. We exploit for the first time this generalized method to the case of FEL radiation. Measurements were performed at the SPARC-LAB test facility [25, 26] and were addressed to extend the speckle technique to cases where the coherence area is comparable to the beam size, a situation substantially different with respect to the previous application of the speckle analysis to the synchrotron light discussed in [24] . Moreover, we monitored the evolution of the transverse coherence of the FEL radiation along the undulator modules.
The plan of the work is the following: in Section 1, we present the theoretical considerations at the basis of the speckle technique; in Section 2, we describe the experimental set up of the diagnostics and the properties of the FEL electron beam and radiation. In Section 3, the collected data are shown and analyzed. Conclusions and comments close the paper.
Speckle technique for the transverse coherence measure, theoretical considerations
Speckles are produced by illuminating with a field E 0 a collection of randomly distributed scatterers. They are detected by recording the intensity distribution in points of transverse coordinates r by means of a CCD camera placed at a distance z from the sample, along the optical axis. The i th particle scatters an almost spherical wave E si that interferes with the transmitted beam, generating a circular fringe system, as shown in Fig. 1 . The visibility of the fringes as function of the distance Δr = r-r i from the particle center r i [27] is connected to the modulus of the Mutual Intensity Function (MIF):
<...> indicating the average over the statistical ensemble of field realizations [28] coinciding, in the hypothesis of ergodicity, with the temporal average. In presence of N randomly distributed particles, the intensity recorded by the sensor is given by: proportional to E s represents the heterodyne signal and, according to [24] , the spatial Power Spectrum S(q) of the heterodyne speckles turns out to be proportional to the sum of the squared MIFs
produced by all the particles across the beam section. The dependence is just on Δr because the Power Spectrum (PS), while retaining the information about the intensity rms fluctuations (fringe visibility), loses the information about phase, connected to the particle positions. Substantial data reduction is required for getting ( ) J Δr  . Once that the heterodyne signal is purged by the background, S(q) can be written as a function of the scattering wave vector q = 2ksin(θ/2)e q :
after having operated the rescaling Δ r = zq/k, with k = 2π/λ, θ the scattering angle and e q the wave vector direction. F(q) is the scatterer form factor (chosen as broader as possible), T(q) is the Talbot transfer function [29] and K(q) is the shot noise contribution. .
Experimental set up
The speckle detection at SPARC_LAB was performed in two different shifts with similar electron beams and working points. The SPARC FEL was driven by an electron bunch produced by the photoinjector, accelerated in the linac to a final electron energy E B = 162.5
MeV (corresponding to an electron Lorentz factor γ≈335 and then matched to the undulator system (6 sections, with movable gaps, of 75 periods λ = 2.8 cm) [30] . The undulator was tuned at the resonant wavelength Table 1 . Light was collected downstream the undulator, progressively activating the 4th, 5th and 6th section, and was sent alternately to the speckle apparatus and to the spectrometer [31] . Typical energy spectra are shown in Fig. 2 , while the experimental and simulated growth of the FEL radiation is presented in Fig. 3 . The radiation energy values are summarized in Table 2 . Table 1 .
The speckle diagnostics was based on a low concentrated suspension (0.3% w/w) of calibrated polystyrene spheres with index of refraction n = 1.63 at wavelength 402 nm, and a diameter of 2.1 μm, filled in a glass cuvette 2 mm thick. Given the radius of the scatters, the particle form factor F(q) can be evaluated according to the Mie's solution of the Maxwell equations [32] , and was found to vary from 1 to 0.92 over the accessible q range. The working distance z was chosen in such a way that the speckles are properly resolved, viz., 
Data analysis
The raw intensity distribution of the beam I is presented in Fig. 4(a) . The tiny speckle structure is hardly noticeable, being almost entirely overwhelmed by the coarse and sharp structures of the intensity |E 0 | 2 of the test beam itself. However, while coarser structures exhibit large shot-to-shot variations related to the SASE statistics, fine structures show small shot-to-shot variations, due to the slow diffusive or convective dynamics of particles in solution. This allows to distinguish the scattering signal from any other straylight contribution introduced by the test beam by taking a lower-limit cut-off spatial filtering (q>0.15μm −1 ). The corresponding high-pass filtered intensity distribution is shown in Fig. 4(b) , where the speckle structure becomes evident. The quantitative characterization of the speckle statistics is then performed by Fourier transforming the signal and by analyzing the intensity power spectra. Figure 5(a) shows the raw PS of the intensity distribution of Fig. 4(a) . As far as fine details are concerned, two distinct oscillatory behaviors due to the Talbot Transfer Function T(q) can be observed. Fast oscillations (see inset (b)) have positions assigned by z equal to the working distance, and are essentially due to the scattering from silica particles. Conversely, slow oscillations, whose positions are assigned by a distance z≈4 mm corresponding to the casing between the CCD and the front-end glass, can be attributed to the parasitic scattering from dust particles attracted to the camera glass, likely because of long exposure to ionizing radiation. Such a contribution could be removed either by averaging the oscillations, or by taking the PS of the difference between the acquired image and a reference image, both normalized to the same average intensity. We found the latter approach to be robust enough even if the illuminating intensity distribution of the two images exhibits the typical shot-to-shot fluctuations of the SASE radiation. The Power Spectrum was indeed completely dictated by speckles statistics for q≥0.15 μm −1 , corresponding to Δr≥1mm. A typical 2D single-shot MIF map is shown in Fig. 5(c) , where the inner part of the distribution for q<0.15 μm −1 has not been reported. It appears to be isotropic and the average respect to the azimuthal angle 2 a J  is plotted in Fig. 6 (the data are taken from the first shift) for four, five and six active undulator sections, respectively, together with the corresponding intensity autocorrelation ( ) ( ) ( ) Experimental values of ζ for both shifts (blue squared for the first and red squared for the second) are plotted in Fig. 7 . The experimental measures of the transverse coherence present relatively large values at the 4th section, a slight drop at the 5th and a further increase at the end of the undulator to sizable values. The analysis of the spectra of Fig. 2 and the increase of the radiation intensity given in Fig. 3 and Table 2 indicate that the system is in the exponential phase of the emission, the e-beam reaching the end of the undulator before the radiation saturation. The FEL was optimized for maximum energy pulse output, corresponding to a detuned resonance in the last undulators. The value of the undulator parameter of the last two sections was decreased by about 3%. This taper was affecting the mode quality. The resonance condition was indeed verified off-axis and the radiation pulse presented a central depression, visible in Fig. 4(a) and retrieved in the relevant simulations (Fig. 4(c) ), that were done with values of the deflecting parameters K of the last undulators used in the experiment and lower by a few percents with respect to the case corresponding to the ideal matching. The presence of the first mode TEM 01 , giving a typical donut shape to the output beam, can be recognized. Furthermore, the theoretical estimates of ζ obtained from Eq. (6) using simulations performed with the code GENESIS 1.3 with beam parameters similar to the measured ones are reported in Fig. 7 (red stars) . The deviation from a transverse gaussian distributions, taking place when the beam is constituted by more transverse modes, concur to lower the coherence. The agreement of these values with the experimental data is quite good. Some comments on possible sources of uncertainty on the measurements are in order. The light collection from different positions along the undulator was not done exactly with the same geometry. In the acquisition from the 4th undulator, the beam size was close to the CCD size, determining a small artificial clipping of the beam. In addition, the radiation pulse obtained with four active undulators was vertically cut by the edges of vacuum chamber itself, as suggested by the y distribution of the spectral intensity, reported on ordinate in Fig. 2(a) . The presence of horizontal interference fringes introduces a variation in the shape of the incoming beam, resulting in a slight error in the determination of the FEL beam properties.
Conclusions
In conclusion, we have presented the application of the speckle technique to the measure of the transverse coherence of a SASE FEL radiation. The heterodyne configuration allows the simultaneous acquisition of both the scattering signal and FEL beam intensity distribution. The rigorous data normalization, necessary for the case of FEL sources, which are expected to exhibit a large degree of coherence, requires full information about the intensity distribution, contrarily to the case of the synchrotron radiation, where the broad intensity distribution is slowly varying over the small coherence area and can be considered uniform. In our case, the measurement method was demonstrated to be precise and robust, permitting insight into the radiation physics. It does not require any a priori assumptions and can be implemented over a wide range of wavelengths, from the optical radiation to the x-rays.
